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221 (6) The copperdeficient rat exhibited a rapid decrease in plasma copper and p-phenylenediamine oxidase (PPD oxidase) activity; hepatic copper also decreased but considerably more slowly. When the seriously deficient rat was given radiocopper intravenously, there was a greater-than-normal hepatic release of radioceruloplasmin to the blood and a decrease in biliary excretion of the isotope.
The analysis of copper in other organs and the overall metabolism of 67Cu in copper-deficiency states is reported here. The organ uptake of 67Cu-labeled cupric ion from the blood is compared with uptake of radiocopper from G7Cu-labeled ceruloplasmin at the same time intervals.
METHODS
Rats. Male Sprague-Dawley rats were used. The controls were fed Purina rat food and tap water ad libitum.
Copperdeficient rats were fed powdered whole milk (Valle Verde, U.S.A. Maple Island, Inc., Minneapolis, Minn.) with a copper content of 0.4 pg/g (6) and glass-distilled copperfree water ad libitum. When not otherwise defined, a copperdeficient rat had been on the diet at least 200 days. The mean hematocrit value of copper-deficient rats was 23.4 %. 67C~. This was obtained as carrier-free cupric chloride from Oak Ridge National Laboratories (Oak Ridge, Term.).
Blood and tissues were assayed in a well-type sodium iodide (thallium-activated) scintillation counter, using differential counting for the 0.092 and 0.184 Mev peaks. The term ionic 67Cu signifies radiocupric chloride in copper-free saline, and this was injected intravenously into the rats. Radioceruloplasmin was prepared by injecting 150-350 PC of G7Cu intravenously into normal rats; 18-24 hr later these rats were exsanguinated, the blood was heparinized, and the plasma was harvested.
Doses of the radioactive plasma, in which virtually all the 67Cu was in ceruloplasmin (7) (see also RESULTS), were 1.0 ml. Ceruloplasmin-67Cu was measured after removal of the free copper by binding with diethyldithiocarbamate (7). When whole-body G7Cu was measured, the rats, in plastic immobilization containers, were placed between two 5-inch sodium iodide (thallium-activated) crystals surrounded by 1 inch of mercury and 6 inches of low-radioactivity steel (10). Pilot solutions of G7Cu were placed in water-filled plastic bottles of about the same size and shape as the rats. The G7Cu registered about 570 counts/min per PC in the whole-body counter. In calculation of radioactivity in an organ, the influence of the 67Cu in the blood may be significant. Therefore the amount of retained blood in each organ was estimated, after the organ was prepared exactly as for G7Cu counting, by use of "ICr-labeled erythrocytes (10). The labeled erythrocytes were infused into rats which were then killed after exsanguination.
The radioactivity of each organ was compared with the radioactivity of 5Xr in 1 ml of whole blood. The volume of blood was then related to the weight of the organ. The mean amounts of blood in the organs as fractions of the organ weight were: bone (with marrow), 0.0163; large bowel, 0.0078; small bowel, 0.0084; brain, 0.0201; heart, 0.0366; kidney, 0.0669; liver, 0.0411; lung, 0.0941; skeletal muscle, 0.0044; skin, 0.0050; spleen, 0.100; and testis, 0.0065. All tissue 67Cu data have been corrected for blood G7Cu by using these values. The validity of the method was studied in the liver by counting the G7Cu in four livers and calculating the nonblood radioactivity; then the organs were thoroughly flushed with saline and recounted.
The mean difference was only 4.6 %. Chemical analysis. Stable copper was assayed in tissues by atomic absorption spectroscopy (model 303, Perkin-Elmer Corp., Norwalk, Conn.). Plasma was diluted with an equal volume of copper-free saline and assayed directly; all organs were wet ashed. The rats were exsanguinated by cardiac puncture.
The organs were removed, blotted with toweling, and weighed. The intestine (slit the full length) and unopened heart were thoroughly rinsed with copper-free saline, blotted, and weighed. Skin from the belly was close clipped, excised, and scraped free of fat. Small bowel signifies pylorus to cecum; large bowel indicates cecum to anus. The kidneys were decapsulated. 13one represents one entire femur thoroughly scraped free of fat and muscle. Skeletal muscle is one gastrocnemius. The trachea and larger bronchi were removed from the lungs. Testes were freed of appendages.
All organs were carefully freed of fat. The prepared organs, and whole blood, were put into IOO-ml Kjeldahl flasks with two acid-washed glass beads. Ten milliliters of concentrated nitric acid were added to each flask and boiled down to about 2 ml; this was done 3 times. Foaming was a problem during the first digestion in the case of kidney, intestine, and liver. The fourth digestion was with 6 ml of concentrated nitric acid and 3 ml of 70 % perchloric acid and was continued until the white fumes were dissipated. The digests were transferred to volumetric flasks (10 ml to 100 ml) with five or six rinses of copper-free water. A digestion blank was processed in the same way* Fig. 2, B ) is clear. These data, based on whole-body retention of 67Cu, show in all instances a significantly greater retention in the copper-deficient rat, the least difference being in those rats receiving the Wu orally.
The actual copper contents of the various organs in rats on the diet at least 200 days are summarized in Table 1 . In rats on the copper-deficient diet up to about a year, there was virtually no decrease in the copper content of the femur (plus marrow).
There was a 20-45 % decrease in the brain, skeletal muscle, skin, and heart; a 50-60 % decrease in the large and small bowels, testis, lung, and kidneys; a 65-75 % decrease in the liver, spleen, and erythrocytes; and a decrease of more than 90 % in the plasma, It is interesting that within the first 4 months the copper concentration in the various organs, except kidney, liver, and plasma, had decreased almost as much as it ever would.
In the light of the remarkably different degrees of retention of copper during the period of diet, it was decided to evaluate the uptake of radiocopper by these various organs, This was done at a number of time intervals, some of which are shown in Tables 2 and 3 , after the intravenous injection of cupric ion or ceruloplasmin labeled with G7Cu. The uptake is expressed as percent of dose per gram of organ in Table 2 and as specific activity (% of dose/pg of Cu in organ)
in Table  3 . No measurement of water content was done on the normal and copper-deficient organs, but any differences are accounted for in the calculation of specific activity.
Bone (including marrow). Bone lost almost no copper (< 10 %) during the prolonged diet. It is perhaps not surprising that in the copper-deficient rat bone extracted cupric -G7Cu at a normal rate. There seemed to be a slight C. A. OWEN, JR. decrease in uptake from labeled ceruloplasmin during the first 8 hr.
copper than normal.
However, the specific activities were higher from both sources of Wu. Bo&, large. The large bowel had lost almost one-half its copper. The absolute uptake of ionic copper was approximately twice normal; the peak was reached in 24 hr compared to 6 hr for normal, The deficient bowel took up less isotope from ceruloplasmin in the early hours, but took up more from 24 hr on. When expressed as specific activity, the deficient bowel took up much more 67Cu from either source, although, as in normal, slightly more from ionic copper.
Bowsl, small. The small bowel, like the large bowel, lost about one-half its copper. The results with radiocopper were virtually the same as with the large bowel. Brain. In the brain copper decreased about one-fourth during the diet period. The avidity of brain for ionic copper increased fourfold and for ceruloplasmin copper it increased more than twofold.
In both normal and copperdeficient rats the uptake of either type of copper increased for 48-72 hr (in other normal rats the uptake of ionic copper did not peak until about the 13th day when the concentration was 0.023 % of dose/g). Erythracyte. In the erythrocyte copper decreased 75 %. The copper-deficient erythrocytes took up somewhat more ionic copper than normal. Dramatically, more ceruloplasmin-67Cu was taken up by both normal and copperdeficient erythrocytes, the former more than the latter in absolute values, but the latter more on the basis of specific activity.
Heart. The heart lost almost one-half its copper. However, it took up less ionic copper than normal and about the same amount of ceruloplasmin67Cu as normal.
In both normal and copper-deficient hearts, copper uptake from ceruloplasmin was greater than from ionic copper, particularly during the first few hours.
Kidney. The kidney lost almost 60 % of its copper, yet absolute uptakes of radiocopper were only slightly greater than normal with cupric ion and slightly less than normal with ceruloplasmin copper. In both normal and deficient rats, much more 67Cu was taken up from ionic copper. Expressed as specific activity, the copper-deficient kidneys took up considerably more G7Cu from either source. The rapid uptake of ionic 67Cu parallels urinary excretion of the isotope in normal rats: 0.4 % of dose per hour for the first 2 hr; 0.2 %/hr by the 4th hr; and 0.1 %/hr by the 6th hr.
Skeletal muscle. Skeletal muscle lost only 30 % of its copper during the diet period. It took up slightly less ionic 67Cu and only one-half as much ceruloplasmin-67Cu as normal. Uptakes expressed as specific activity were essentially the same for normal and copper-deficient muscle, in either case the preference being for the ionic copper.
skin. Skin, like muscle with a relatively low concentration of copper (normally 1.29 pg/g), lost only one-third of its copper during the diet period. Uptake of cupric G7Cu was unchanged but again, like muscle, the deficient skin took up less ceruloplasmin67Cu. The differences from normal disappear when uptakes are calculated as specific activities.
T.Pl MI. The spleen, which resembled erythrocytes in losing three-fourths of its copper, differed significantly in taking up 67Cu preferentially from cupric ion. The same was true of the normal spleen, unlike normal erythrocytes. The copper-deficient spleen took up absolutely and relatively more copper than the normal spleen.
Testis. The testis lost about one-half its copper, but uptake of 67Cu from either ionic or ceruloplasmin copper remained about normal while specific activities were about twice normal.
Like the heart and erythrocyte, the normal and copper-deficient testes took up more copper from ceruloplasmin than from cupric ion. Several normal organs were studied for their G7Cu content for periods up to 17 days after administration of ionic G7Cu in an attempt to measure rates of disappearance of the isotope. The values for plasma are shown in Fig. 3 ; the shape of the curves is like that found in man but is accelerated considerably (12). The approximate fractional disappearance rates (%/day) were: whole body, 5.3; plasma, 13.9; heart, 2.5; muscle, 3.3; lung, 8.0; kidney, 10.7; liver, 14.7; testis, 14.7; bone, 16.1; small bowel, 21.0; and skin, 23.9 . The brain 67Cu did not reach its peak concentration (16 % above the 3rd day's value) until the 13th-17th day. The heart also had a delayed peak (50 % above the 3rd day's value) reached on the 6th-8th day.
Liver. The liver, which lost two-thirds of its copper, like the kidney, preferred cupric ion as the copper donor and did little or no better than normal livers as far as uptake of either cupric or ceruloplasmin copper. With the sharp decrease in hepatic copper, specific activities with either cupric-67Cu or ceruloplasmin67Cu were much higher than normal. The total uptake of G7Cu by copper-deficient livers was less than by normal livers; this was unexpected because in isolated liver studies (8) 
DISCUSSION
In the normal rat organs studied, the concentration of copper varied from about 1 pg/g in skin, skeletal muscle, and erythrocytes to 4-6 pg/g in kidney, heart, and liver. In rats on a prolonged copper-deficient regimen, the concentration of copper decreased to less than 1 pg/g in small bowel, erythrocytes, lung, skeletal muscle, skin, spleen, and testis, and to about 3 pg/g in heart and kidney at the other extreme. Despite the wide ranges of normal concentrations of copper, the decrease in copper as a result of the diet could not be predicted, nor could the uptake of G7Cu from either cupric ion or ceruloplasmin sources be predicted.
Thus, normal organs with high copper content might take up large amounts of ionic S7Cu (kidney, liver) or small amounts (heart). 
